We hypothesized that enhanced skeletal muscle mitochondrial function following aerobic exercise training is related to an increase in mitochondrial transcription factors, DNA abundance (mtDNA) and mitochondria-related gene transcript levels as well as spontaneous physical activity levels (SPA). We report the effects of daily treadmill training on 12 weeks old FVB mice for 5 days/week over 8 weeks at 80% peak VO 2 and studied the training effect on changes in body composition, glucose tolerance, muscle mtDNA muscle, mitochondrial-related gene transcripts, in vitro muscle mitochondrial ATP production capacity (MATPC) and SPA levels.
INTRODUCTION
Age-associated accumulation of mitochondria DNA damage and decreased mitochondrial DNA abundance may contribute to age-associated muscle dysfunction and insulin resistance (34, 49) . As skeletal muscle is a major site of glucose utilization, correlational data supports the hypothesis that insulin resistance is related to age associated reductions in muscle mitochondrial function (39, 51) . Age is also associated with progressive decline in physical activity levels in a wide range of species, ranging from the Caenorhabditis elegans (C. elegans) worm (16) to humans (5) ,with major metabolic consequences. Previously, we have hypothesized that age-related decrease in spontaneous physical activity (SPA) is related to decline in skeletal muscle mitochondrial ATP production (36) . In addition, reduced levels of SPA, described as physical activity separate from voluntary exercise, has contributed to the obesity epidemic in the population (25) . It remains unknown whether aerobic exercise training enhances SPA levels.
Aerobic exercise partially reverses the typical age-associated decline in muscle function.
Six week old rats subjected to a 12 week treadmill exercise training program have shown increased skeletal muscle mitochondrial oxidative capacity (18) . Subsequently, treadmill based studies have characterized the effects of chronic aerobic exercise on skeletal muscle physiology. In rats (age 17.5 weeks), treadmill training at 75% maximal O2 uptake for 10 weeks (30-90 min/day, 5 days/week) augmented citrate synthase activity and shifted the myosin heavy chain (MHC) fiber type to a more oxidative phenotype (8) . The effects of treadmill training duration (30-90 minutes) and intensity (10-60 m/min) on rats (6 week old, trained 5 days/week for 8 weeks) muscle cytochrome c quantity may vary, depending on the underlying muscle fiber composition (10) . In adult humans, a four month aerobic exercise program (cycling program, 4 days/week, 40 minutes per session, training speed elicited 80% of maximal heart rate) improved insulin sensitivity, mitochondrial enzyme activity (49) and mixed muscle protein synthesis (48) .
Despite similar enhancement of muscle mitochondrial function in response to aerobic exercise training, younger people increased insulin sensitivity more than older people, indicating dissociation between increases in insulin sensitivity and mitochondrial function.
Aerobic exercise has been reported to enhance muscle mitochondrial biogenesis through a calcium-regulated signaling pathway (57) . Chronic aerobic exercise has also been shown to stimulate 5-'AMP-activated protein kinase (AMPK) activity with subsequent increases fatty acid oxidation and glucose uptake in skeletal muscle (11) (13) . There is also evidence that chronic chemical activation of AMPK increases mitochondrial enzyme activity in selected skeletal muscle, suggesting a possible role of AMPK in mitochondrial biogenesis (56) . The exact mechanism behind the effects of exercise on increasing mitochondrial function, however, remains incompletely defined.
Endurance treadmill exercise studies have been less commonly performed in mice (21) with inter-strain variation observed in exercise capacity (3) (28) and training response (30) .
Recently, the response to exercise training in three inbred mouse strains (C57Bl/6J, FVB/NJ, Balb/cJ) were studied by exercising 8 week old mice (5 days/week, 60 min/day, 60% of maximal work load ~ 15-19 m/min at 5-10 degree incline) for 4 weeks. Variable increases in running distance (23-172%), run time (11-87%), and work (57-287%) were observed, with the FVB strain having the greatest response to training (distance + 172%, run time +87%, work + 287%) (30) .
As transgene placement and other genetic manipulations are frequently conducted in mice, we therefore used a mouse model (FVB strain) of aerobic exercise training to determine the underlying mechanism of aerobic exercise related changes in muscle. We measured the effects of aerobic exercise on physiological and skeletal muscle cellular (gene array, mRNA, western blot) changes to explain the observed improvement in muscle mitochondrial function.
We hypothesized that enhanced muscle mitochondrial function following aerobic exercise training is related to an increase in mitochondrial transcription factors, DNA abundance (mtDNA) and mitochondria-related gene transcript levels as well as SPA levels.
Materials and Methods
Animals: Male wild-type FVB mice were housed in cages with a 12:12-h light-dark photocycle (lights on at 6:00 AM) in a room at 22 ± 2°C. Food (Laboratory Rodents Diet 5001; PMI Nutrition International, St. Louis, MO) and water were allowed ad libitum. The protocol was approved by the Mayo Foundation Institutional Animal Care and Use Committee.
At eight weeks of age, the mice were acclimatized to the treadmill with daily 15 min sessions (9 m/min at 0 incline for 3 days, then 5 m/min at 15 degree incline 2 days) for 1 week.
The mice then underwent baseline studies: oral glucose tolerance test (OGTT), Vo2 peak testing, resting energy expenditure (REE), basal activity level, and body composition by dual xray absorption (DXA). After these baseline studies and treadmill acclimatization were completed, the mice started their treadmill exercise program at ages 10-12 weeks.
Oral glucose tolerance test (OGTT):
Mice were fasted overnight for 12 hours and then received glucose (2 g/kg glucose) by oral gavage. Blood was collected by tail vein sampling at 0, 15, 30, 45, 60, 90 and 120 min after glucose administration and measured by the glucose oxidase method (One Touch, Life Scan, Milpitas, CA). Insulin was measured at the conclusion of the OGTT (120 min) using blood from a terminal cardiac puncture. The blood was collected and placed in tubes with EDTA. Insulin levels were measured using radioimmunoassay (Linco, St. Charles, Missouri Catalog#EZRMI-13K).
Peak Oxygen Consumption (VO 2 peak): To measure peak oxygen consumption (VO 2 peak), we used a single lane sealed treadmill (Columbus Instruments, Columbus OH) which continuously measured O 2 and CO 2 consumption. After an initial 10 minute warm up session, the mice ran on the treadmill at a speed of 10m/min at a 25% incline. Every two minutes, the treadmill speed was increased by 2 m/min. Each mouse ran until exhaustion. The VO 2 peak was defined as O 2 consumption at maximum exercise (21) per kg of fat free mass (FFM).
Resting Energy Expenditure (REE) :
Oxygen consumption and CO 2 production were measured using a customized, high-precision, single-chamber indirect calorimeter (Columbus Instruments, Columbus, OH) as previously reported (23, 26) . The REE was performed in the untrained WT group at an average of 20.18 weeks (mean 20.18 weeks, SD of 0.34, SEM of 0.12) and in the trained WT group at an average age of 20.43 weeks (mean 20.43 weeks, SD of 0.51, SEM of 0.18) with a two sided t-test showing a p-value of 0.29 between the two groups.
Each mouse was acclimatized to a metabolic chamber for 2 days with access to food and water ad libitum. This was performed to minimize the effects of acute exercise and to familiarize the mice to the metabolic chamber environment. Thermogenesis was calculated from O 2 consumption and CO 2 production. Calibration of the calorimeter was performed before each measurement using primary standard gases. The animal was placed inside a cylindrical calorimeter chamber (acrylic; diameter 30 cm, height 20 cm, volume 15 liters) along with the food and water bowls. The chamber lid sealed, and room air was pumped at atmospheric pressure through the chamber at 0.802 l/min. Data on O 2 consumption and CO 2 production were then collected every minute for 24 hours and stored on a personal computer with each data point identified by a time stamp.
Spontaneous Physical Activity (SPA): SPA was measured simultaneously with measurement of the O 2 consumption and CO 2 production. The aforementioned metabolic chamber was also equipped with infrared photocell sensors (Opto-Varimex, Columbus Instruments, Columbus, Ohio). Measurements were performed using customized, high-precision racks of collimated infrared activity sensors (Columbus Instruments, Columbus, Ohio) placed around the acrylic chamber. There were 45 collimated beams of infrared light crossing the 30-cm-diameter cage, allowing the detection of 1 cm of movement in three orthogonal axes.
Photosensors registered an activity unit each time a beam was interrupted. In this fashion, physical activity was detected simultaneously on all three axes: forward and backward, side to side, up and down. Data for SPA were summed for every minute and stored on the PC with use of the time stamp for identification. Data were thereby derived simultaneously for O 2 consumption and SPA, for each animal, minute by minute, over the 24-h measurement period.
SPA was reported as beam breaks over 19 hours of measurement to maintain a consistent observational time period for each animal. An 8-mm charge-coupled device video camera with infrared and digital time recording capabilities was used for the measuring of feeding behavior.
The experiments were also videotaped with time-stamp for reference. Movement episodes were defined as a session of continuous activity with absent activity preceding or following the session.
DXA measurement: The mice were scanned before and after the 2 month exercise training period by DXA using the PIXIMUS scanner (Lunar, Madison, Wisconsin). A combination of xylazine (7.5 mg/kg) and ketamine (90 mg/kg) was used for sedation. The animals were scanned in a prone position with extended extremities. Fat mass and lean body mass were measured in the abdomen (top of the pelvis to the lowermost rib) and total body (excluding head). The percentage of abdominal fat was calculated as abdominal fat content divided by total abdomen tissue content. The percentage of total body fat was calculated as total body fat content divided by total body tissue content.
Exercise program:
We used an eight-week treadmill exercise protocol shown to increase peak oxygen uptake (VO 2 peak) by 30-50% in mice (21) . Treadmill exercise training started at age 10-12 weeks. The training speed (~ 80% of VO 2 peak) was selected by running the mice to exhaustion using a protocol of a 10 minute warm-up period, then raising the treadmill to a 25 degree incline and setting the treadmill speed at 8 m/min. The treadmill speed was increased by 2 m/min every 10 minutes until the mouse refused to run any further, thus designating the maximal running speed for the mouse. Using this information, we placed the mouse in single chamber sealed modular treadmill (Columbus Instruments, Columbus, Ohio) and selected a training speed where oxygen consumption is 80-90% of VO 2 peak. After selecting the training speed, we trained the mice on a mouse-sized treadmill (1055M Exer-6M Open Treadmill for Mice with Shocker, Columbus Instruments, Columbus, OH) initially for 45 minutes each day and then progressively increased the training duration towards a goal of 2 hours per day. For each daily session, the mice underwent interval training (8 minutes at training speed, 2 min "rest" at 5 m/min). The mice were continually monitored during their training sessions. Electric shocks, air puffs, or manual prodding were used as needed to maintain the running speed. If a mouse refused to run despite stimulation, they were removed from the training session for the day. If the mouse continued to refuse to run at a certain treadmill speed, they were inspected for injury and were either trained at a lower treadmill speed or removed from the training program. The training speed was adjusted every 2 weeks to accommodate for improvement in endurance.
Concurrently, matched untrained mice maintained familiarity with the treadmill (9 m/min, 0 degree incline, 15 min duration, three times/week) (21).
Tissue collection:
The untrained mice were sacrificed at least 1 week after their most strenuous exercise exposure (measurement of VO2peak). The trained mice were sacrificed at least 24 hours after their last training session. Prior to the sacrifice, the mice were fasted overnight and underwent an OGTT as described above. At the conclusion of the OGTT (120 min), the mice were euthanatized using pentobarbital (100 mg/kg intraperitoneal injection), underwent a terminal cardiac puncture, and had the skeletal muscles, heart, and liver immediately collected. Due to its involvement in the running process, the quadriceps muscle was used for the skeletal muscle measurements. One quadriceps muscle was sent fresh for immediate processing of ATP synthesis and the contralateral quadriceps muscle was snap frozen in liquid nitrogen for future measurements. 
In vitro Measurement of Mitochondrial ATP production:
Fresh muscle tissue (50 mg) was minced on a chilled glass plate and washed in Buffer A (100 mM KCl, 50 mM Tris base, 5 mM MgCl2, 1.8 mM ATP, 1 mM EDTA, pH 7.2). The tissue was transferred to a glass mortar and homogenized in twenty volumes of Buffer A with a motordriven Teflon pestle. Samples were centrifuged at 1020 g for 10 min at 4 C and the supernatant was removed and re-spun at the same speed. The supernatant was centrifuged at 10,000 g for 5 min at 4 C. The resulting pellet was resuspended in Buffer A and re-spun at 9,000 g for 5 min at 4 C. This final mitochondrial pellet was suspended in buffer containing 180 mM sucrose, 35 mM KH2PO4, 10 mM Mg acetate, 5 mM EDTA and used to measure MAPR with a bioluminescent technique as previously described (46, 47, 54) hybridization of test array, and hybridization of full size arrays were performed using standard protocols (Affymetrix, Santa Clara, CA). We subjected the microarray data to invariant probe set normalization with perfect match (PM)-only model by dChip (27) . Differences in gene expression between the trained and untrained mice were evaluated using un-paired t-test with unequal variances. A p-value <0.05 was considered significant.
The functions of the genes were assigned according to NetAffx gene ontology annotations (www.affymetrix.com/analysis). Each gene was assigned to different functional groups that belong to one of the following gene ontology categories: biological process, molecular function, and cell component. Note that one gene might belong to multiple functional groups. The identification of functional groups with significantly enriched gene numbers was performed using MAPPFinder 2.0 (9) (University of California at San Francisco, http://www.genmapp.org). Functional groups with an adjusted p value 0.05 (based on twosided t test) were considered statistically significant. The adjusted p values refer to the p values after adjustment for the multiple comparison errors. This is part of the output from pathway analysis tool MAPPFinder as described previously (9) . The data discussed in this publication have been deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE5297.
STATISTICS
Differences between the trained and untrained groups were compared using an unpaired t-test with unequal variances. Two-tailed t test was used in all cases except when hypotheses being tested was clearly one-sided questions which were translated to one-sided alternative hypotheses. The data where we applied the one-tailed t-test include OGTT, area under glucose curve, resting energy expenditure, non-phosphorylated AMPK levels, and AMPK-P/AMPK (all these have been shown to be changed with exercise). The remaining calculations used the twotailed t-test. A p-value <0.05 was considered significant. Regression analysis was performed to determine whether muscle MATPC is related to spontaneous physical activity levels. The results are presented as mean+SEM.
For the gene array, functional groups with an adjusted p value 0.05 were considered statistically significant and were calculated as previously described (9) 
RESULTS

Exercise, Energy Metabolism and Activity Levels
Over the course of the 2 month exercise period, the running speed was increased as the mice became more trained. On average, each mouse in the exercise group ran a total of 46031 meters ±2931 at a 25 degree incline. While maintaining the 25 degree incline, the mice increased their running distance at 2 week intervals, with the average distance over the 1 st interval at 7040±171 m/mouse, 2 nd interval at 10704 ±484 m/mouse, 3 rd interval at 11857±1065 m/mouse, and 4 th interval at 16430±1715 m/mouse. In comparison, over the 2 month exercise period, the control mice ran a total distance of 3240 meters at a 0 degree incline to maintain familiarization with the treadmill.
Treadmill exercise increased peak oxygen consumption (VO 2 peak: ml/kg FFM/min) by Table 1 .
DISCUSSION
The current study demonstrated that aerobic exercise training enhances muscle mitochondrial function along with an increase in nuclear transcription factors, mtDNA content, transcript levels of both nuclear and mitochondrial genes involved in mitochondrial function and that this increase in mitochondrial function occur in association with an increase in spontaneous physical activity. The endurance training program of 8 weeks, as expected, enhanced maximum oxygen capacity, glucose tolerance and muscle mitochondrial enzyme activity with associated decreases in total and abdominal fat percentage. We demonstrated that treadmill exercise training increased in vitro muscle mitochondrial ATP production capacity. Analysis of the Affymetrix gene array results showed significant differences in many gene transcripts, particularly mitochondrial related ontology groups, between the trained and untrained mice. The observed differences in gene transcripts involve not only the genes in electron transport chain, but also genes involved in the structure and function of mitochondria. The differences in mitochondrial gene transcripts and functions were associated with an increase in mitochondrial DNA copy number. This enhancement of mitochondrial DNA content, mitochondria related gene transcripts and mitochondrial function is associated with increases in levels of skeletal muscle PGC-1@ protein expression and TFAM mRNA which are known mitochondrial transcription
factors. The study also demonstrated that aerobic exercise training tended to increase spontaneous physical activity which is significantly correlated to muscle mitochondrial ATP production capacity.
Our goal was to maximally train each mouse by maintaining a tailored running speed which maintained oxygen consumption at 80-90% of VO 2 peak. This aerobic exercise program increased VO 2 peak (+18.9%: P<0.01) and enhanced muscle mitochondrial function as demonstrated by higher levels of mitochondrial enzyme activity (citrate synthase +18.3%:
p<0.02, BHAD +20.5%: p<0.04, cytochrome c oxidase +43.8%: p<0.02) and muscle MATPC (+29.0 to 33.7% depending on utilized substrate: p<0.04). This is consistent with previous reports of enhanced muscle mitochondrial oxidative enzyme activity (2-fold) with training of rats (initial age -6 weeks old) for 12 weeks (18) and adult humans trained for 4 months (cycling program, 4 days/week, 40 minutes per session, training speed elicited 80% of maximal heart rate (peak VO 2 increase of 10%, 45-76% elevation of muscle mitochondrial enzyme activity) (49) (48). The differences in magnitude of exercise effects on mitochondrial function between our findings and previously reported results may be related to the differences in the exercise program or to intraspecies variation in exercise response.
In mammalian tissues, oxidative capacity correlates with mitochondrial copy number (55) . Here, we report aerobic exercise increased in vitro MATPC in parallel with an increase in mitochondrial DNA abundance (+88.4% to 110%, p<0.05). Previously, mtDNA abundance has been shown to decline with age in rats, with slow-twitch predominantly oxidative skeletal muscles more affected than fast-twitch glycolytic predominant skeletal muscle or the heart (2).
We hypothesized that the heart, despite being a highly oxidative tissue, prevented age-related mtDNA decline because of the continuous contractile activity. The current data support that chronic aerobic exercise enhances muscle mtDNA abundance. Previous studies in rodents (19, 35 ) (4, 7) and human (20, 22, 59) have shown that aerobic exercise not only enhances mitochondrial enzyme activities but also mitochondrial volume and content. Studies comparing young and older rodents (2) and human (45) suggests that mtDNA abundance (template availability) is a key factor for maintaining transcript levels of mitochondrial proteins encoded by mitochondrial. After eight weeks of treadmill training, our trained mice have shown an increase in mtDNA abundance, mRNA transcripts (encoded by both nuclear and mitochondrial genes) of mitochondrial proteins, mitochondrial enzyme activity, and mitochondrial ATP production. These findings support that increase in mtDNA abundance is key in muscle adaptation to chronic exercise. There is however, a discrepancy between the magnitude of increase in mtDNA copy number (+88.4% to 110%, p<0.05) and the relatively moderate increase in mitochondrial enzyme activity (+18.3 to +43.8%: p<0.04) and MATPC (+29.0 to 33.7% depending on utilized substrate, p<0.04). These results are different from older humans (age 67.3±0.6) subjected to an aerobic training program (12 weeks: VO 2 peak +15±4% p<0.01) with subsequent increases in mtDNA (+ 53 ±15% p<0.01) and SDH activity (+62±13% p<0.01) (33) . This may be related to intra-species variation in turnover of mitochondrial proteins or translation of the mitochondrial genome, for which further studies will be needed to elaborate.
The current study demonstrated that aerobically trained mice have increased expression of PGC-1@ protein (+99.5% p=0.04) and increased mRNA levels of TFAM (+21.7% p=0.004).
The increase in mitochondrial DNA copy number and mitochondrial biogenesis depend on increasing transcription factors of mitochondrial related genes at the nuclear and mitochondrial genome levels. For enhancement of mitochondrial function it is important to have increased synthesis of both mitochondrial and nuclear gene encoded (about 13% of all mitochondrial proteins are encoded by mitochondrial genes and the rest are encoded by nuclear genes)
proteins. Moreover, the nuclear encoded proteins synthesized in cytoplasm which have to be transported into mitochondria to facilitate mitochondrial function. PGC-1@ was first described as a co-activator for PPAR gamma in adaptive thermogenesis, the regulation of heat production in response to cold exposure (41) . Subsequently, overexpression of PGC-1@ has been shown to increase type 1 fibers (29) and mitochondrial biogenesis in skeletal muscle (58) . Key cellular signals that control energy and nutrient homeostasis, such as cAMP and cytokine pathways, activate PGC-1@ (40) . Once PGC-1@ is activated, it induces and coordinates mitochondrial oxidative metabolism. TFAM, a protein critical for mtDNA transcription and replication (12, 24, 38 ) is stimulated by PGC-1@. NRF-1 and NRF-2 are transcriptional co-activators that enhance nuclear genes involved in mitochondrial biogenesis. Both acute exercise (4 week old rats subjected to 6 hour swimming session) (52) and chronic (3-4 week old rats subjected to swimming, 2 hr/day, 3 to 7 days duration) (15) exercise increased PGC-1@ mRNA levels in skeletal muscle. Increase in mRNA expression of PGC-1@ has also been shown to occur in human skeletal muscle following aerobic exercise training program (49). Although we did not find an increase in PGC-1@ mRNA levels, we found an increase in protein levels of PGC-1@ in mice following chronic exercise (+99.5% p=0.04). This discrepancy between mRNA and protein levels of PGC-1@ may be due to the timing of tissue collection (at least 24 hrs) after the last exercise bout. Alternatively, the effects of our treadmill exercise program in increasing PGC-1@ levels may be at the level of translation rather than transcription. A similar discrepancy between increased PGC-1@ protein without an increase in mRNA levels has been previously reported in adipose tissue (53) .
Previous studies have also shown that muscle contractile activity and aerobic exercise increases the AMP kinase activity (11, 14) and may act as a signal to PGC-1@. The lack of exercise associated increase in AMPK protein levels (trained group =0.35±0.05 and untrained group = 0.45±0.04 : P<0.10 ) is consistent with previous findings from chronic treadmill exercise in rats (11) . In contrast, chronic exercise has been shown to increase the AMPK @1 isoform in humans and not the @2 isoform in humans (13) . This discrepancy in the nonuniform increases of AMPK protein could be due to the training itself or to the species adaptation to training. We did observed a trend for exercise increasing AMPK phosphorylation (AMPK-P/AMPK+82.1%, P=0.09) in our mice which is consistent with previous reports of exercise increasing AMPK activity in rats (11) and in humans (13) .
Previously, gene array analysis of 3 month aerobic exercise training (80% of VO 2 peak)
in elderly men has shown expression of some of the genes linked with energy metabolism, protein amino acid dephosphorylation, and heme biosynthesis (42) . Here, we report an
Affymetrix gene array analysis of murine muscle subjected to treadmill exercise, where we demonstrated upregulation of a cluster mitochondrial-related gene groups (Table 1 & Table 2 ).
These gene array changes have not yet been reported in mice subjected to treadmill exercise training and lay the foundation for identifying the transcriptional changes associated with benefits from aerobic exercise training.
Although total body weight and FFM of the trained and untrained mice remained statistically similar, we saw a decline in the percentage of total body and abdominal fat. The discrepancy between the lack of change in total body weight/FFM coupled with the decline in percentage of total and abdominal body fat may be due to differences in bone density between the trained and untrained group, or variability in the DXA measurement of fat and fat free mass (6).
Our study reports the important and novel observation that an aerobic exercise program may enhance SPA. In animals, long term exercise training generally increases REE, although a specific increase in non-exercise activity has yet not been reported. (50) . In humans, the effects of long term aerobic or strength activity on REE has been mixed (50), with specific effects on non-exercise activity not yet reported. Some studies in human suggest that in elderly people changes in REE are negatively correlated with the pre-exercise REE and increase in REE following exercise is compensated for by a corresponding decrease in non-exercise physical activity (mostly SPA) (31) .
The importance of physical activity is highlighted by the age-related decline in activity levels observed in a wide range of species (5, 16, 37) . Whereas voluntary activities are cognitively controlled, there is increasing evidence to show that spontaneous activities are regulated by paraventricular nucleus of hypothalamus (23) . Since age-related muscle mitochondrial function decrease with age (46), it was hypothesized that muscle MATPC is a determinant of SPA (36) . Although the current study supports the above hypothesis it remains to be determined whether aerobic exercise training per se or increased MATPC caused increased SPA levels. The activity levels were significantly correlated to the two separate measures of muscle mitochondrial ATP production and the results support the previous hypothesis (36) that SPA levels are related to muscle mitochondrial capacity. This is a finding of substantial interest and suggests that increasing voluntary activity levels for a specific period of time will increase SPA levels. Our results have substantial implications. Studies in C.elegans indicate that longevity of the organism is related to the ability to maintain activity levels (17) . Moreover, obesity is increasing in aging population and obesity in general is related to reduced non-exercise activity thermogenesis (25) . Further studies will be needed to determine whether our results can be extended to humans, specifically to assess whether increasing voluntary physical activity increases SPA levels in an aging population.
Exercise plays a critical component in maintaining health with increasing age associated with increased sarcopenia (32) , decreased mitochondrial function (48) and decreased synthesis of mitochondrial proteins (44) in humans. Exercise, particularly aerobic exercise, has been shown to improve skeletal muscle mitochondrial function (48) . However, aerobic exercise is not a viable option in all populations. Our observation that the stimulation of SPA is associated with an increase in muscle mitochondrial function, muscle mitochondrial DNA content, and mitochondrial enhancing nuclear transcription factors suggests possible strategies to prevent or delay age/obesity related problems in our society. Such potential strategies, for example, may include measures to stimulate the nuclear transcription factors regulating mitochondrial biogenesis.
In summary, we have demonstrated treadmill training stimulates in vitro muscle mitochondrial ATP production capacity, transcript levels of both nuclear and mitochondrial genes regulating in mitochondrial proteins, expression of PGC-1@ and mRNA of TFAM (involved in mitochondrial biogenesis), and mitochondrial DNA copy numbers. These findings are consistent with an interpretation that an aerobic exercise program enhances mitochondrial function through increasing mitochondrial DNA content and that this increase in mitochondrial function is associated with an increase in spontaneous physical activity. The current study supports that exercise increases PGC-1@ protein levels, with subsequent increase in TFAM mRNA levels to increase mtDNA replication. Increased mRNA levels encoded by both nuclear and mitochondrial genes are likely resulted from increased PGC-1@ that contributed to increased mitochondrial capacity. Increase mitochondrial DNA content is likely a reflection of increased muscle mitochondrial content. The observation that spontaneous physical activity levels are associated with increases in muscle mitochondrial ATP production capacity, suggest that, a decline in muscle mitochondrial function may cause a reduction in spontaneous physical activity levels resulting in alterations in overall energy balance and obesity-related metabolic disorders. Figure 1 : Training increased peak oxygen consumption (VO 2 peak: ml/kg FFM/min). The VO 2 peak in trained was significantly higher in trained (+ 18.9%: p<0.01: two-sided t-test) than in untrained mice. Results reported as mean ±SEM. Number of mice: Untrained (n=12), Trained (n=8). AMPK protein AMPK-P protein PGC-1 protein
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